Introduction
Hemozoin is a unique biomarker in human malaria disease with isostructural and paramagnetic properties similar to those of the chemically fabricated b-hematin. [1] [2] [3] The detection of these crystals (hemozoin or b-hematin) has been demonstrated by Raman spectroscopy and its variations (e.g. resonance Raman, surface enhanced Raman, and tip-enhanced Raman spectroscopy). [4] [5] [6] [7] These techniques have the advantages of fast data acquisition, minimal need for labor, and minimal requirement of skilled workers, in comparison to the microscopic examination of a blood smear that is the "gold standard" of malaria diagnosis. 8 Recently, our group has demonstrated magnetic eld-enriched surface-enhanced resonance Raman spectroscopy (SERRS) for the sensitive detection of b-hematin by using nanoshells with an iron oxide core and a silver shell, i.e. Fe 3 O 4 @Ag. Our result shows that the detection limit of this technique in terms of the parasitemia level is comparable to that in early malaria infection at the ring stage, which suggests the great potential of this technique for early malaria diagnosis. 8 The unique feature in this technique is that resonance Raman, 9 surface enhanced Raman, 6 and the magnetic eld enrichment 10 effects are integrated to give further augmentation of the Raman signal, which allows more sensitive b-hematin detection (at a concentration of 5 nM) than each of these aforesaid techniques alone. 8 Although the optimizations of core and shell size-correlated plasmonic properties (e.g. Raman performance, extinction, and electromagnetic eld distributions) for similar plasmonic structures have been studied in other experiments without an external magnetic eld, 11 these core and shell-related properties could be modied due to nanoparticle aggregation induced by the external magnetic eld. Moreover, b-hematin crystals, which are the target analyte generating Raman signals for enhancement, possess an elongated shape, a large size and paramagnetic properties compared to those commonly studied molecules such as Rhodamine 6G (R6G). These factors determine that the optimization of nanoshells for the enhancement of b-hematin Raman signals would be different from other common Raman molecules. In this study, we explore the variation in the core diameter and shell thickness of Fe 3 O 4 @Ag in relation to the magnetic eld-enriched SERRS of paramagnetic b-hematin crystals to maximize Raman signal enhancement.
In this paper, we present the trends in the magnetic eld-enriched SERRS performance of b-hematin as a function of the core and shell size of Fe 3 O 4 @Ag nanoshells in comparison to that without the magnetic eld enrichment strategy. The discrete-dipole approximation (DDA) method, 12 which is exible in handling irregular geometries, 13 is exploited to evaluate the performance of Fe 3 O 4 @Ag with different core-shell sizes in the magnetic eld-enriched SERRS technique. The aggregation of nanoshells due to the external magnetic eld for a range of core and shell sizes during SERRS measurement is also discussed.
Methods and materials
Fabrication of core-shell Fe 3 . These analytes were transferred to a small vial made of aluminum foil for SERS measurements with the bottom of the vial being exposed to a magnetic eld of 0.198 T and a magnetic eld gradient of 26.6 T m
À1
. These samples were excited by a 633 nm laser (Renishaw, UK) with an excitation power of 0.1 mW that was focused through a microscope objective (20Â, NA ¼ 0.4, Leica) to a spot about 3 mm in diameter. The emitted Raman signals were fed into a Czerny-Turner type spectrograph (f ¼ 250 mm) and a holographic grating (1800 g mm
) dispersed the incoming signal into a RemCam CCD detector (inVia, Renishaw, UK) with a spectral resolution of 2 cm
. All spectra were acquired with an integration time of 15 s and averaged from more than ve different samples, in which the typical standard deviation of the signal intensity is smaller than 5% for R6G and smaller than 10% for b-hematin. These raw data were corrected for the baseline level, then smoothed by averaging over a window of ve points, and processed for removing the uorescence background to yield the nal spectra.
Discrete-dipole approximation (DDA) model
The discrete-dipole approximation (DDA) model 12, 16 was used to calculate the extinction efficiency (Q ext ) of Fe 3 O 4 @Ag nanoparticles with different core and shell dimensions under the excitation wavelength of 633 nm. Q ext was calculated for comparison with the experimental SERS performance of these nanoparticles, since Q ext and SERS signals are closely related to the induced electromagnetic eld (E ind ).
12,13 Q ext is related to the induced electromagnetic eld by the imaginary (Im) part in the equation,
where k is the wavevector, E O is the amplitude of the incident electromagnetic eld, E inc,j is the induced electromagnetic eld incident on the j-th dipole, with a polarization of P j (j ¼ 1, 2, ., N) for N discretized cube-shaped dipoles with sides of length 5 nm and a eff is the effective area. For SERS signals, the intensities can be approximated to be proportional to |E ind | 4 .
these nanoparticles were comprised of Fe 3 O 4 , Ag, and bhematin only, using electric constants [18] [19] [20] reported in the literature. Fig. 1(a) ]. The cores with a radius of 25 nm were coated with 10, 25, 45 and 60 nm thick Ag [ Fig. 1(b) ]. The cores with a radius of 40 nm were coated with 10, 40, 50 and 60 nm thick Ag [ Fig. 1(c) ]. The total size typically had a range of less than AE30 nm according to zetasizer measurements. The compositions of nanoshells were conrmed by taking energydispersive X-ray graphs, which show Fe, O, and Ag peaks originated from the Fe 3 O 4 core and Ag shell (result not shown). Fig. 2(b) ], which are typical 13 in SERS measurement. The general trend is that a larger Fe 3 O 4 core and a thicker Ag shell yield higher Raman signal enhancement, with the highest Raman signal enhancement noted for C40S60. The trend in the enhancement factor with the shell and core dimensions of R6G conforms to the typical variation of the core and shell-related SERS performance. (1628 cm À1 ). Note that these SERS spectra of b-hematin are similar to RRS spectra reported 5 and the SERS spectra in tipenhanced Raman measurements of hemozin 7 without any inuence of the magnetic eld. Such a similarity can originate from the fact that the free-carboxylate COOH group in b-hematin, which is supposed to be responsible for the formation of hydrogen bonds in a physisorption process, 22 is difficult to attach to the OH-terminated group of Triton X-100 capped Ag surfaces because the hydrogen bond formed between the OH group of Triton X-molecules and water molecules is much stronger 23 than that established with a COOH group. In contrast, R6G molecules are allowed to chemisorb with the Triton X-100 molecules 24 in close proximity to the Ag shell for giving rise to stronger adsorption. Thus, attachment of Fe 3 O 4 @Ag to b-hematin can be enabled by magnetic forces under the inuence of a magnetic eld instead of weak adsorption. A similar observation, i.e. the weak adsorption of molecules on Ag yields SERRS spectra similar to ordinary Raman spectra, has been reported previously. 25 The shell dimension of C25S45 yields the largest SERRS signal among these nanoparticles, which is about 10.3 times higher in Raman intensity than that for C10S10. Therefore, the core and shell size-correlated enhancement trends of Fe 3 O 4 @Ag are modied in the magnetic eld-enriched SERRS measurement of b-hematin. 
Results

Discussion
The trend in Raman enhancement with different core-shell dimensions shown above can be explained in terms of the extinction efficiencies and magnetic enrichment effectiveness contributed by these Fe 3 O 4 @Ag nanoparticles with different core diameters and shell thicknesses. Higher SERS enhancement resulted in (1) a thicker Ag shell with the same Fe 3 O 4 core size (e.g. C40S10, C40S40, C40S60, and C40S60) or (2) a larger core size with the same shell thickness (e.g. C10S10, C25S10, and C40S10) for the R6G SERS (Fig. 2) and b-hematin SERRS in the case without magnetic enrichment [ Fig. 4(b) ]. This observation is consistent with the enhancement trends derived from the extinction efficiencies in other types of core-shell nanoparticles reported in the literature. 13, 26 In contrast, b-hematin SERRS in the case of magnetic-eld enrichment [ Fig. 3(b) and 4(a) ] gives a different trend and an improved sensitivity, in comparison to that without the magnetic eld. These ndings will be explained as follows. One factor that may play an important role in the formation of aggregates between Fe 3 O 4 @Ag nanoshells and b-hematin as well as among nanoshells could be inter-particle forces. Among these forces, the magnetic dipole-dipole attractive and repulsive force is likely most signicant in the presence of a magnetic eld due to its much longer effective range than other forces such as steric interaction and electrostatic interaction. 27 The magnetic force can bring two or more nanoparticles or b-hematin crystals that are originally out of the critical distance for SERS close enough (<40 nm) 8 for effective SERS activities. Fe 3 O 4 @Ag nanoshells with a larger Fe 3 O 4 core have a larger magnetic dipole moment than that of a smaller core since the dipole moment is proportional to the cube of the core diameter. As a result, these nanoparticles will form aggregates easily along the direction parallel to the magnetic eld resulting in increased Raman activities. In addition, the magnetic force can be increased with a decreasing Ag shell thickness because a large Ag shell could shield the magnetic force. From the point of view of increasing the formation of aggregates, nanoshells with a large Fe 3 O 4 core and a thin Ag shell are desirable, since the magnetic shielding effect should be minimized with a thinner outer Ag shell (similar to other magnetic nanoparticles 28 reported in the literature). In our experiment, the shielding effect is nominal for the same diameter iron core with a thicker shell (e.g. C40S10, C40S40, and C40S50 in Fig. 3 ), which can be attributed to the greater weight that allows faster aggregation settlement at the laser focused spot.
We analyze the electromagnetic eld (|E| 2 ) distribution or the extinction efficiency (Q ext ) enhancement of these nanoparticles without ( Fig. 5(c) and (d) demonstrates that the increase in the number of hot spots in the arrangement C20S15, as shown in Fig. 5(d) , could enlarge Q ext so that its maximum To briey summarize our investigation to explain the nding that C25S45 yields the largest Raman intensity for b-hematin SERRS, the following factors would play different roles in the determination of Raman intensity from b-hematin SERRS measurements.
1. In the absence of a magnetic eld, a larger Fe 3 O 4 core and a larger Ag shell in nanoshells would yield more signicant Raman enhancement, which is evident from Fig. 2, 3 (a) and 4(b).
2. When an external magnetic eld is present, the magnetic attractive force would signicantly increase the chance of forming the aggregates of b-hematin and nanoshells according to the SEM image shown in Fig. 5 and 6 and our previous publication. 8 This observation could result in two opposing trends.
(a) From the point of view of increasing the formation of aggregates, nanoshells with a large Fe 3 O 4 core and a thin Ag shell are desirable according to the discussion earlier about the magnetic force.
(b) However, nanoshells with a smaller size are more likely to create more hot spots around the b-hematin crystal (Fig. 5) and have much improved extinction (Fig. 6) , which would result in higher Raman enhancement.
Thus, the evaluation of the above factors and calculated results (e.g. |E| 2 distributions and Q ext ) for the different core and shell dimensions allows tuning of the magnetic eld-enriched SERRS, causing C25S45 to give optimal SERRS performance instead of C40S50 in the case of magnetic enrichment. This study provides more insight into SERS performance under an external eld for the paramagnetic test molecules and ferromagnetic SERS-active metal nanoshells, which would be otherwise difficult to predict based on the commonly used DDA model alone, since the forecast of the geographical distributions for these molecules and nanoparticles is unknown. The theoretical predictions presented in this work are in agreement with the experimental results ( Fig. 3 and 4) , which enable the nanoshell C25S45 to achieve a b-hematin detection limit of 5 nM (equivalent to detection of 30 parasites per ml in the earlier malaria stage), as reported in our previous work.
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Conclusion
In conclusion, we report the dependence of magnetic eld-enriched b-hematin SERRS on the variations of the Fe 3 O 4 @Ag core size and shell thickness. We explain that the magnetic eld-enriched SERRS performance of b-hematin can be further improved by tuning the extinction efficiencies, localized electromagnetic eld and magnetic properties of the Fe 3 O 4 @Ag to an optimal core size and shell thickness. Hence, the optimized magnetic eld-enriched SERRS performance shows the potential for sensitive b-hematin detection for early malaria diagnosis. The methodologies developed in this study will be applicable to nanoparticles of other shapes such as nanostars for SERS measurements from b-hematin, which could yield higher enhancement than nanoshells. This strategy can be also generalized to optimize SERS enhancement for nanocrystals of interest with irregular shapes in other applications.
